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Foreword

The purpose of EEEC-14 is promoting the creativity of the Chinese nation in the scope of Electronics and
Electrical Engineering. Electronics, as well as Electrical Engineering are always the companion of Electrical and
Electronics.

When we were collecting the papers for the Conference on Electronics and Electrical Engineering, the inter-
esting things were that a number of authors were quite keen to look for the same chance to make public the
theoretical works of intellectual creativity or formal results of scientific research or practice, written by those
who are their former class mates, campus fellows, friends, relatives, colleagues and cooperators. It is really a
chance for us to organize a chance for our smart intellectuals to expose, exchange and confidently approve each
other and the value of their arduous work.

Electronics is one of the most important matters of our life and with us as ever we have existed, unlike
computer or information technology but unfortunately we have never known all Electronics we have used
around us. Nevertheless, we have been working very hard to discover new sources of energy we are in need
of and striving non-stop for new synthetic stuffs or man-made matters. High demand has pushed our scholars,
experts and professionals to continue the mission, not only for the materials themselves but non-perilous to the
life and environment as well, causing the least hazard to the world. We appreciate our authors consciously to
involve into that mission.

Asia-Pacific Electronics and Electrical Engineering Conference was scheduled to hold in Shanghai from
December 27-28, 2014; experts and scholars, a group of the authors and other related people have attended the
conference with apparent interest; we are expecting a full success of the conference.

We appreciate those who responded to our proposal and submitted their papers, especially those whose papers
have been selected for the conference EEEC- 14, the sponsors who have provided their valuable and professional
suggestions and instructions and the scholars and professors who have spent their efforts as peer reviewers.

Thank you!
Samson Yu
December 1, 2014
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Fuzzy based direct torque and flux control of induction motor drives

Chuang Ning

Professional Engineering Electrical Design, Perth, Australia

ABSTRACT: This paper investigates direct torque and flux control of an induction motor drive based on the
Fuzzy Logic (FL) control technique. Direct torque and flux control has become a widely acceptable alternative
to field oriented control The hysteresis-band controller for the stator flux and the electro-magnetic torque was
designed using a Fuzzy Logic System. (FLS) in MATLAB. Simulation results show that the direct torque and
flux control using an FL approach performs very fast dynamic response and has a simple structure which makes

it to be more popularly used in the industry.

1 INTRODUCTION

Induction Motor (IM) drives may be classified into
two main control strategies. Scalar control, of the IM
voltage magnitude and frequency, is one of ac drives
which produces good steady-state performance but
poor dynamic response. There is an inherent coupling
effect using the scalar control because both torque
and flux are the functions of voltage or current and
frequency. This results in sluggish response and is
prone to instability because of 5th order harmonics.
However, vector control (VC) decouples these effects.

A second IM drive method can be either the field
oriented control (FOC) or the direct torque and flux
control (DTFC or DTC). The principle used in these
drive methods is to asymptotically decouple the rotor
speed from the rotor flux in vector controlled ac motor
drives. The two most commonly used methods of
the vector control are direct vector control and indi-
rect vector control. Control with field orientation may
either refer to the rotor field, or to the stator field,
where each method has own merits [1].

Direct torque and flux control is also denoted as
direct self-control (DSC) which is introduced for
voltage-fed pulse-width-modulation (PWM) inverter
drives. This technique was claimed to have nearly com-
parable performance with vector-controlled drives [2].
Another significance mentioned in [3] is that DTFC
does not rely on machine parameters, such as the
inductances and permanent-magnet flux linkage. Con-
sequently, a number of research approaches have been
proposed for a wide range of industrial applications
where [3] is proposed for direct-drive PMSG wind
turbines.

If an IM is being operated under its steady state,
the three-phase drive can be casily presented as just
one-phase because all the variables on the IM are
sinusoidal, balanced and symmetrical. However, if the
operation rcquires dealing with dynamics of motor
speeds or varying torque demands in a sudden change,

the motor voltages and currents are no longer in a sinu-
soidal waveform. Hence, the IM drive scheme using
vector control or direct torque and field control is
able to provide faster transient responses due to these
dynamics.

This paper is arranged as follows. Section 2
lists the notations used in this paper. Section 3 explains
the induction motor dynamics. Section 4 describes the
direct torque and flux control. Section 5 presents the
design of the fuzzy logic controller. Section 6 illus-
trates the performance of the controller in the simula-
tion. Specific conclusions are drawn in Section 7.

2 NOMENCLATURE

d°-q* synchronous reference frame direct, quadrature
axes

d5-q° stationary reference frame direct, quadrature axes
Ugg; Ugq Stator voltages

ld; 15q Stator currents

Ueg; Urq TOtOT VOltages

ird; Irq TOtOT Currents

V¥, Y, stator, rotor flux vector

R¢; R, stator, rotor resistance

L; L, stator, rotor self-inductance

Lm magnetizing inductance

a resultant leakage constant

w; w, synchronous, rotor speed

P number of motor pole pairs

J Total inertia

Te; T). electromagnetic, load torque

3 INDUCTION MOTOR DYNAMICS

3.1 Machine model in arbitrary reference frames

In a threc-phase ac machine, there arc three main refer-
ence frames of motion, which could be used to model
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Figure 1. Reference frame of motion in an ac machine.
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Figure 2. Decoupling between rotor flux and torque.

its three main regions of operation. These are the sta-
tionary reference frame for startup, the synchronous
reference frame for equilibrium motion, and the rotor
reference frame for changing speeds by acceleration
or deceleration. The two commonly employed coordi-
nate transformations with induction machines are the
stationary and the synchronous reference frames as
shown in Fig. 1.

In special reference frames, the expression for the
clectromagnetic torque of the smooth-air-gap machine
is similar to the expression for the torque of a sepa-
rately excited dc machine.

These mathematical transformations of rotor ABC
variables to rotor d-q variables, which are known
as Park Transformation [4], can facilitate under-
standing of the variation of the mutual inductance
between the stator and the rotor under differing rotation
conditions.

All the transformation equations from ds —gs frame
to de — qe frame, and vice verse, remain the same as in
an induction motor. The complex stator current space
vectors sq and isd are defined as:

2. 1. 1.
qs '§"aa - '3‘%3 - ﬁ"a»

\ M
ﬁ(im - i)

A dc motor-like electromechanical model can be
derived for an ideal vector-controlled drive in the d-q
co-ordinate. One of the advantages of the separately
excited dc motor of being able to decouple the flux
control and the torque control that is thereby opened
up. Fig. 2 shows this concept that the rotating vectors
are orthogonal, but decoupled.

3.2 Modeling of an induction motor in d—q
co-ordinate

The mathematical model [5] of an induction motor in
d—qgreference frame can be written as the stator voltage
differential equations (2):

. L
Rgiga +| ‘(ﬁ"é’sd — Well'gq:

Ugd =
(3
. d
Ugq = Rs’*sq + '(E'-‘V'sq + Wellsd-
And the rotor voltage differential equations (3):
. d
Urd = 0= Rrirqd + awrd — (We — Wr)qui
(3)

. d
Upg = 0= szrq + ‘Jiqu + (We — Wr)¥rd.

These linked fluxes of stator and rotor are as follows:

Yed =
Vg
Urd
Yrq

Lyisd + Linird;
L yisg + Lymirg;
L,irg + Linisa;
Fdesg & Bisifg-

“4)

Since the direction in d-axis is aligned with the rotor
flux this means that the g-axis component of the rotor
flux space vector is always zero.

L]

tYrg =0 and 4,

qu == (), &)

The slip frequency wy can be calculated from the
reference values of stator current components are
defined in the rotor flux oriented reference frame as
follows:

Wel = We — Wr (6)

We can calculate the rotor speed from the relation
W = W — Wy, Since wg and w, can be determined
as [6]:

(1 +o07p8)Lgigs
7r(Yas — 0 Lgtas) '
_ (VG — g5 Re) i, — (Vi — i3, Rs )5,

sl

e = 2 (7
WYy
Here 7, is the rotor time constant denoted as 7, = ij—’,

and o is a resultant leakage constant defined as:

LY,

0‘:1—~———L8Lr



The state equations of a linear model for the
induction motor dynamics can be obtained as:

Lo B Ly ] 1
0 oL,L} oL,L. ETN 0
(LIRAMIR)  Lpwe LnR 1
P 0 egpaert fese Laflel | 05 [ (8)
LRy 0 By 0 oV
Ly “Tm W
L R, R 00
0 nhs W,y &=

r=[isq tsq Yrd li’rq]T

However, induction motors belong to a class of
multi-variable nonlinear systems which could lead to
the control task to be rather complicated due to to
unknown disturbances (load torque) and changes in
values of parameters during its operation. Such a chal-
lenge have been stated in hybrid vector control or
DTFC induction motor drives [6]-[10].

The electromagnetic torque equation can be
written as:

=3 (Q)w,xf o
_ 3(P) L, 3 %28
T 227k L *
Thus, the magnitude of the torque is
3 P L,
10
T.=5(3) g | ¥ || 94| sné, (10

where 6, = 6; — 0, is the angle between the stator flux
and the rotor flux.

If the rotor flux remains constant and the stator
flux is incrementally changed by the stator voltage
V~s x At with the corresponding angle change of
A6y, the incremental torque is then obtained as:

3P L,,,

AT = ( | ¥y | | (s + AP,) | sin Ab,, (11)

The mechanical speed of the rotor in terms of the
load constants can be computed as:

dwr

To=dJ +Bw,+T. (12)

4 STUDY ON DIRECT TORQUE AND FLUX
CONTROL

4.1 Space vector modulation of 3-phase voltage
source in-verter with DTFC

During the IM drive operation, a control strategy for
the voltage-fed space vector pulse-width-modulation
(SVPWM) may be required with direct torque and
field control. The structure of a typical 3-phase power
inverter is shown in Fig. 3, where V4, Vg and V¢ are

Voe| + I‘} 3 5 A
T l |
T 9
v d \ﬁ
Figure 3. Basic scheme of 3-phase inverter connected to an
AC motor.

(o10) (110)

vi\(100)

011)&

Pvs Ve ."‘
©01) (101)

Figure 4. SVPWM voltage vectors

1 1

e 4 B, 0

-1
(a) ®)

Figure 5. (a) Two-level stator flux hysteresis-band. (b)
Three-level stator torque hysteresis-band.

the voltages applied to the star-connected motor wind-
ings, and where Vpc is the continuous inverter input
voltage.

The SVPWM method of generating the pulsed
signals fits the above requirements and minimizes
the harmonic contents. The inverter voltage vectors
provide eight possible combinations for the switch
commands. These eight switch combinations deter-
mine eight phase voltage configurations. SVPWM
supplies the ac motor with the desired phase voltages.
A diagram in Fig. 4 depicts these combinations.

4.2 Control strategy of DTFC

The magnitudes of command stator flux t//‘ and 7} are
compared with the respective estimated values, and the
errors are processed through the hysteresis-band (HB)
controllers, as shown in Fig. 5.

The circular trajectory of the command flux
vector fp* with the hysteresis-band rotates in an anti-
clockwise direction. The flux hysteresis-band con-
troller has two levels of digital output according to
the following relations [2]:

Hy = 1
Hy ==1

for Ey > +HBy

13
for Ey, < —HB, =
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Figure 6. Block diagram of direct torque and field control.
Table 1. Switching table of inverter voltage vectors.
Hy Hie S S; S; Sq Ss Se

1 | V, V3 Vy4 Vs Ve Vi

-1 | Vi Vi Vs Ve Vi V,

Also, a torque controller proportional gain is chosen
by G = 1.5. The overall control of the DTFC is shown
in Fig. 6.

When the inverter voltage sequence V| —V, is
properly sclected as shown in Fig. 4, the stator flux
rotates at the desired synchronous speed within the
specified band. As the stator resistance is small enough
to be neglected, we may consider that the stator flux
monotonically follows the stator voltage at cach step
time At.

Thus, changing the stator flux space vector can be
accomplished by changing the stator voltage during
a desired period of time which can be expressed as
follows:

_ d - _ _
Vo= () = d, =Vt

_ (14)
Thus, Ay, = V,At

Depending on the scctor that the voltage reference
in Fig. 4, two adjacent vectors arc chosen. The binary
representations of two adjacent basic vectors differ in
only one bit from 000 to [ 1 1. This means the switching
pattern moves from one vector to the adjacent one. The
two vectors are time weighted in a sample period T to
produce the desired output voltage to the inverter.

Table | applies the sclected voltage vectors,
which essentially affects both the flux and torque
simultancously.

Table 2. Flux and torque variations due to applied voltage
vectors.
|
:::.:' ‘ gorky
| 0
!
|
; 1
| !

Table 2 shows the effect of the voltage vectors on
the stator flux and the electromagnetic torque, which
the arrows indicate the magnitudes and directions [2].

5 DESIGN OF THE FUZZY LOGIC
CONTROLLER

5.1 Structure of fuzzy control in DTFC

Fuzzy logic has been widely applied in power elec-
tronic systems. Recently developed approaches in
DTFC [11]-[13] have been proven to be more robust
and improved performance for dynamic responses and
static disturbance rejections using fuzzy logic con-
trol. [11] also designs a hysteresis-band controller in
DTFC using a fuzzy logic method, but their fuzzy con-
troller appears not precise enough because of the less
membership functions being chosen.

Now a fuzzy logic controller is considered for the
stator flux §* and torque 7* of the DTFC induction
motor drive.The fuzzy inference system (FIS) onsists
ofa formulation of the mapping from a given input sct
of E and CE to an output sct using FL. Mamdany type
method in this study.

According to the switching table of the inverter volt-
age vectors, the triangular membership functions (MF)
of the seven linguistic terms for each of the two inputs
e(pu) and ce(pu) are defined in per unit values. du(pu)
is the output of the fuzzy inference system. Here, e(pu)
is selected as the flux error y* — i, for the difference
between the command stator flux and the actual stator
flux ¥, and ce(pu) is the rate of change of 4 Ay,
The represented linguistic variables in the fuzzy rule
matrix are:

NB = negative big
NS = negative small
PS = positive small
PB = positive big

NM = negative medium
7 =zero
PM = positive medium

The general considerations in the design of the
proposed fuzzy logic controller for this DTFC are:

1) If both e(pu) and ce(pu) are zero, then maintain
the present control setting du(pu) =0 (Vo / V7).

2) Ife(pu)is not zero but is approaching to this value
at a satisfactory rate, then maintain the present
control setting of the voltage vector.



